Introduction
[2] The characteristics of El Niño-Southern Oscillation (ENSO) display significant decadal variability, in terms of amplitude, oscillation period, onset time and propagation of sea-surface temperature anomalies (SSTa) along the equator [e.g., Wang, 1995; An and Wang, 2000; Zhang et al., 2008] . In addition, the occurrence of ENSO events exhibits lowfrequency variability. Trenberth and Hoar [1996] first pointed out the tendency for more frequent El Niño events and fewer La Niña events since the late 1970s. Using monthly resolved corald 18 O records, Cobb et al. [2003] concluded some 17th-century El Niño events rival the 1997 El Niño event in severity. They also noted that ENSO events in the 17th century were more frequent than those in the late 20th century.
[3] The low-frequency variability of ENSO is associated with the Indian, Pacific and Atlantic SST variations [e.g., Behera and Yamagata, 2003; Verdon and Franks, 2006; Luo et al., 2005; Dong et al., 2006] . Using the data inferred from paleoclimate records over the past 400 years, Verdon and Franks [2006] suggested that phase change in the Pacific Decadal Oscillation (PDO) has a positive propensity to coincide with changes in the frequency of ENSO events. Coupled modeling studies have shown that the North Atlantic SSTa may also influence ENSO variability via atmospheric bridge [Dong et al., 2006] or via oceanic wave adjustment [Timmermann et al., 2005] . The analyses of observational data suggested that the pronounced subsurface ocean temperature anomalies can influence the decadal ENSO-like variation [Luo and Yamagata, 2001] . Simulations from ocean model also indicated that the decadal variability of temperature along the equator originates from subsurface spiciness anomalies in the South Pacific [Luo et al., 2005] . In this paper, we will continue to investigate the low-frequency variability of ENSO occurrence and its linkage to the PDO and AMO.
[4] The ENSO simulations of coupled general circulation models (CGCMs) in the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4) have been evaluated by many studies [e.g., van Oldenborgh et al., 2005; Capotondi et al., 2006; Lin, 2007] . For example, van Oldenborgh et al. [2005] considered the overall ENSO properties in the models for the IPCC AR4: amplitude, pattern, and spectrum. Capotondi et al. [2006] focused on the spatial structure and spectral characteristics of ENSO in these models. However, the ability of CGCMs to simulate the frequency of ENSO event occurrence is not known. Knowing such model ability is important because if some of these CGCMs can simulate the frequency of ENSO events well, it may help us to reveal the physical mechanism influencing the frequency of ENSO event occurrence.
[5] The purpose of this study is to analyze the frequency of ENSO event occurrence and associated planetary teleconnections in observational datasets and in simulations by 15 CGCMs in the IPCC AR4. The validation datasets, models and diagnostic methods are presented in section 2. Results are described in section 3, followed by summary and discussion in section 4.
Datasets and Method
[6] In order to describe variations of the frequency of El Niño and La Niña event occurrence, the indices of El Niño and La Niña activities are defined as the number of El Niño and La Niña events in a running 7-yr window [Cobb et al., 2003] . The observed ENSO events are those selected by the Japan Meteorological Agency (JMA; http://coaps.fsu.edu/ jma.shtml), using 5-month running mean of spatially-averaged SSTa over the tropical Pacific region of 4°S-4°N and 150°-90°W. If the index values are 0.5°C or greater (À0.5°C or lower) for 6 consecutive months (including October, November and December), the period of October through the following September is categorized as El Niño (La Niña) event. These ENSO activity indices are used to validate the model simulations in this study.
[7] The monthly UK Met Office/Hadley Centre's Sea Ice and SST (HadISST) [Rayner et al., 2003] with horizontal resolution of 1°by 1°are used. The monthly PDO index is the leading principal component of monthly SSTa in the Pacific Ocean north of 20°N [Mantua et al., 1997] . The Atlantic Multidecadal Oscillation (AMO) [Kerr, 2000] index is defined by the averaged SSTa over the region 0°-60°N, 75°W -7.5°W. Due to ENSO activity index is defined with running 7-yr window, the PDO and AMO indices are both 10-yr low-pass filtered in this study. Although more than 20 CGCMs participated in the IPCC AR4 project, only 15 of the Climate of the 20th Century (20C3M) simulations are analyzed in this study because the remaining CGCMs have much fewer ENSO events than observed (e.g., El Niño occurred only once in giss_e_r [8] The variability of El Niño and La Niña activity indices is examined using the wavelet analysis program developed by Torrence and Compo [1998] . The Morlet wavelet is used as the mother wavelet.
Results
[9] Firstly, the ENSO activity indices from observational dataset are exhibited in Figure 1 . The index of La Niña activity shows that during 1905-1925 and 1940 -1978 the number of La Niña events was generally above the normal level, whereas it was slightly below the normal level in 1926 -1940 and after 1980 . It is well known that the PDO was at its negative phase during 1910 -1920 and 1945 -1977 , and at its positive phase in 1921 -1945 and after 1980 [Minobe, 1997 . The correlation coefficient between the La Niña activity index and the PDO index is À0.5 at the 95% confidence level. Therefore, the variations of La Niña activity coincide with those of the PDO phase, agreeing well with previous studies [Verdon and Franks, 2006] . Moreover, the correlation coefficient between the La Niña activity index and the AMO is only À0.24, suggesting that La Niña activity is much less associated with the North Atlantic SSTa. However, it is worth noting that the El Niño activity index does not have a propensity to coincide with changes of the PDO phases. During both negative phases (1960 -1975) and positive phases (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) of the PDO, the number of El Niño events was more than the normal level. During 1965 During -1975 when the PDO was in its negative phases, El Niño events occurred as frequently as when the PDO was in its positive phases during 1980 -1990. The number of El Niño events was less than the normal level not only when the PDO was in its negative phases during 1945 -1960 but also when the PDO was in its positive phases during [1930] [1931] [1932] [1933] [1934] [1935] [1936] [1937] [1938] [1939] [1940] [1941] [1942] [1943] [1944] [1945] . Moreover, the correlation coefficient between the El Niño activity index and the PDO index is only 0.04, indicating that El Niño activity does not correlate with the PDO. Actually, the variations of the index of El Niño activity in Figure 1b seem to coincide well with the phase changes of the AMO, whose warm phases occurred during 1925 -1960 and cold phases during 1900 -1925 and 1965 -1990 (Figure 1b) . The El Niño activity index is correlated significantly with the AMO index, with a correlation coefficient of À0.35. Based on results from a CGCM, Dong et al. [2006] suggested that the warm AMO lead to weaker ENSO variability via atmospheric bridge that conveys the influence of the Atlantic Ocean to the tropical Pacific.
[10] The wavelet analysis is applied to identify the difference of the variations between El Niño and La Niña activities. It is found that El Niño activity has significant decadal oscillation occurred in 1920 -1940 (Figure 1c) . The global wavelet spectra of El Niño activity index show also decadal oscillation with a period of about 12 years ( Figure 1d) . Different from the variations of El Niño activity, Figure 1e indicates that the decadal variations of La Niña activity were always significant during the 20th century, and the dominant period of La Niña activity variations became longer after 1960. The results of the global wavelet spectra show that La Niña activity exhibits significant decadal variations with a spectral peak at 16 years (Figure 1f) , longer than that of El Niño activity.
[11] To further examine the relationship between the El Niñ o/La Niñ a activity and the AMO/PDO, correlation coefficient patterns between the ENSO activity and contemporaneous 7-yr running-averaged SSTa are shown in Figure 2 . In Figure 2a , the correlations between the El Niño activity index and SSTa are large in two regions, the eastern tropical Pacific and the North Atlantic (50°W -10°W,  30°N -50°N ). In contrast, significant correlations for the (Figure 2b) . Therefore, the planetary teleconnections related to El Niño and La Niña activities differ from each other.
[12] We next examine the decadal variability of ENSO activity in the 15 IPCC AR4 CGCMs. According to the global wavelet spectral analysis, the indices of El Niño activity from csiro, hadcm3, miroc_medres and ncar_ccsm3 show significant decadal variations, while the other CGCMs do not have any statistically-significant periods (Figure 3a) . Note that except for csiro the dominant periods in hadcm3, miroc_medres and ncar_ccsm3 are longer than the observed. Moreover, the results of wavelet spectra show that significant decadal oscillations in csiro and miroc_medres occurred before 1920, and those in hadcm3 and ncar_ccsm3 were during 1920 -1940 (not shown). The latter is similar to observations. The indices of La Niña activity from five of the CGCMs, including csiro, gfdl2.0, ipsl, miroc_medres and ncar_ccsm3, display significant decadal oscillations with spectral peaks between 16 -20 years (Figure 3b ), similar to observations; the other models fail to reproduce these observed periods. It is noted that the significant periods in csiro, ipsl, miroc_medres and ncar_ccsm3 are longer than those observed. Using wavelet spectra, the decadal oscillations in csiro, gfdl2.0, and ispl are significant in 1910-1970 as observed, whereas the oscillations are significant in 1920-1950 for miroc_medres and in 1950-1970 for ncar_ccsm3 (not shown). Thus, although none of these CGCMs can produce similar variations of El Niño and La Niñ a activities as observed, three of the CGCMs, including csiro, miroc_medres and ncar_ccsm3, can produce the dominant periods of both El Niño and La Niña activities.
[13] It would be interesting to see how many of the six CGCMs (csiro, gfdl2.0, hadcm3, ipsl, miroc_medres and ncar_ccsm3 CGCMs) that can simulate the dominant periods of El Niño or La Niña activities can also reproduce the linkage between the El Niño activity and the AMO or the linkage between the La Niña activity and the PDO as shown in observations. Figure 4 shows the correlation coefficient patterns between El Niño/La Niña activities and SSTa in these CGCMs. It is clear that the indices of El Niño activity correlate significantly positively with the eastern tropical Pacific SSTa in these models. It is noted that correlations between the El Niño activity index and SSTa in csiro and miroc_medres (Figures 4a and 4i ) are significantly-negative in the central North Pacific and significantly-positive in the tropical Pacific, which is similar to the positive PDO phase. Moreover, the indices of El Niño activity for all six CGCMs that can simulate the dominant periods of El Niño or La Niña activities are also correlated significantly with the Atlantic SSTa. Different from the observations (Figure 2a) , there are significantly-positive correlations between the indices of El Niño activity and the Atlantic SSTa south of 40°N for gfdl2.0, hadcm3, ipsl, miroc_medres and ncar_ccsm3 (Figures 4c, 4e, 4g , 4i, and 4k). For csiro and miroc_medres (Figure 4a and 4i) , the indices of El Niño activity correlate significantly negatively with the North Atlantic SSTa (north of 40°N), coinciding with the observations. The region with significantly-negative correlation coefficients for miroc_medres (Figure 4i ) is much larger than those for csiro (Figure 4a ). Thus, there is no one CGCMs which can simulate completely the relationship between El Niño activity and the Pacific and Atlantic SSTa. Csiro and miroc_medres can reproduce partly the relationship between El Niño activity and the Pacific and Atlantic SSTa.
[14] Evidently, the indices of La Niña activity correlate significantly negatively with the eastern tropical Pacific SSTa for all six CGCMs that can simulate the dominant periods of El Niño or La Niña activities (Figure 4) . It is noted that except csiro model, the patterns of significant correlation coefficients between the indices of La Niña activity and the Pacific SSTa for the five CGCMs do not display the PDO pattern as well as the observed (Figure 2b) . However, for csiro, the area positive correlated with the index of La Niña activity in the North Pacific is less than the observed (Figure 4b ). For ipsl and miroc_medres (Figures 4h and 4j) , the significant correlation coefficient patterns with the indices of La Niña activity and the Atlantic SSTa are similar to the observations (Figure 2b ). Only SSTa south of 20°N or in the east coast of the Atlantic are correlated significantly negatively with the indices of La Niña activity in ipsl and miroc_medres (Figures 4h and 4j) . Therefore, these CGCMs are failure to simulate the relationships between La Niña activity and the Pacific and Atlantic SSTa. Only csiro and miroc_medres can simulate partly the relationship between La Niña activity and the Pacific and Atlantic SSTa to some degree.
Summary
[15] This study shows the change of ENSO activity based on observed datasets, and evaluates the simulations by 15 IPCC AR4 CGCMs. Using wavelet analyses of observations, the indices of both El Niño and La Niña activities display significant decadal variability. The index of La Niña activity displays a spectral peak at 16 years in the 20th century, much longer than the peak for the index of El Niño (about 12 years). The observational datasets also show that the changes in El Niño and La Niña activities are related with different planetary teleconnections. El Niño activity is associated significantly with the eastern tropical Pacific and North Atlantic SSTa, whereas La Niña activity is closely related to changes in PDO phases.
[16] The performances of the 15 IPCC AR4 CGCMs differ greatly in terms of their simulated ENSO activity. There are only six CGCMs that can produce the significant decadal variations of El Niño or La Niña activity, including csiro, gfdl2.0, hadcm3, ipsl, miroc_medres and ncar_ccsm3. Among them, csiro, miroc_medres and ncar_ccsm3 can produce the dominant periods of both El Niño and La Niña activities. Unfortunately, the results from these CGCMs could not reproduce completely the relationship between the ENSO activities and the Pacific and Atlantic SSTa. Only csiro and miroc_medres can reproduce partly the relationship between El Niño (La Niña) activity and the eastern Figure 4 . The correlation coefficient patterns between the indices of (left) El Niño/(right) La Niña activity and contemporaneous 7-yr running average SSTa for csiro, gfdl2.0, hadcm3, ipsl, miroc_medres and ncar_ccsm3. The shading are above the 95% confidence level.
tropical Pacific and North Atlantic SSTa (PDO). Therefore, although these CGCMs cannot simulate exactly ENSO activity as observed, we are encouraged that csiro and miroc_medres can simulate the variations of ENSO activity, which will help us to further understand the physical mechanisms of how the Pacific and Atlantic SSTs impact ENSO variability and may improve the ability of ENSO forecast.
